The inositol 1,4,5-trisphosphate receptor (IP 3 R) plays an essential role in Ca 2+ signaling during lymphocyte activation. Engagement of the T cell or B cell receptor by antigen initiates a signal transduction cascade that leads to tyrosine phosphorylation of IP 3 R by Src family nonreceptor protein tyrosine kinases, including Fyn. However, the effect of tyrosine phosphorylation on the IP 3 R and subsequent Ca 2+ release is poorly understood. 
Introduction
The inositol 1,4,5-trisphosphate receptor (IP 3 R) is an intracellular calcium (Ca 2+ ) release channel located on the endoplasmic reticulum (ER) of mammalian cells. IP 3 Rs belong to a family of intracellular Ca 2+ release channels that include three major isoforms (IP 3 R1, IP 3 R2 and IP 3 R3) as well as the three forms of the related ryanodine receptors (RyR1, RyR2, and RyR3). Hydrolysis of the minor membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ) by phospholipase C (PLC) results in the production of diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 3 ) (1) . IP 3 binds to the N-terminal portion of IP 3 Rs (2) and causes Ca 2+ release from the ER via a nonselective cation pore in the C-terminal portion of the channel (3) . Earlier work from our laboratory has demonstrated that IP 3 R is required for mobilization of Ca 2+ from ER stores and Ca 2+ -dependent antigen-specific T cell proliferation via interleukin-2 (IL-2) production in the Jurkat T cell lymphoma line (4) .
Following engagement of the T cell receptor (TCR) by antigen-presenting complexes, a cascade of tyrosine kinase activation is initiated. The kinases involved include the Src family nonreceptor tyrosine kinases Lck and Fyn, which phosphorylate the TCR (5).
Recruitment of other kinases and adaptor proteins by the phosphorylated TCR ζ-chain leads to the phosphorylation and activation of PLC-γ1 to produce IP 3 (6) . During T cell activation Fyn regulates PLC-γ1 activity via these downstream events, and phosphorylates IP 3 R1 in T lymphocytes (7) . Fyn-mediated tyrosine phosphorylation increases IP 3 R1 open probability by reducing Ca 2+ -dependent inhibition of the channel (7) . Consistent with these findings, T cells from Fyn knockout mice show reduced Ca 2+ release (8) and reduced IP 3 R1 tyrosine phosphorylation in response to TCR ligation (7) .
The pleiotropic effects of Fyn on the Ca 2+ signaling cascade are complex and the precise contribution of IP 3 R1 tyrosine phosphorylation to the Ca 2+ signaling events that result in T cell activation and proliferation has not been defined.
We have now identified a Fyn-phosphorylated tyrosine residue in IP 3 R1 (Y353) and shown that phosphorylation of Y353 increases the binding affinity of IP 3 to the IP 3 R at low levels of IP 3 (<10 nM), consistent with the previously reported increases in IP 3 -activated channel activity in response to Fyn phosphorylation (7) . DT40 IP 3 R-deficient B cells stably expressing a Y353-nonphosphorylatable IP 3 R1 mutant (IP 3 R1-Y353F) demonstrated altered Ca 2+ release from intracellular stores in response to B cell receptor activation.
Materials and Methods
Cell culture and transfection. Chicken DT40 B cells were cultured in RPMI 1640 containing 10% FBS, 1% chicken serum, 50 µM β-mercaptoethanol, penicillin and streptomycin at 37°C in a humidified incubator with 5% CO 2 . For transfection, 2 x 10 7 cells in logarithmic phase growth were mixed with 30 µg linearized plasmid cDNA in 400 µL cytomix medium (9) . Electroporation was performed in a 4 mm cuvette using Gene Pulser II apparatus (Bio-Rad) at 350 V, 975 µF. For selection of stably transfected clones, 2 mg/mL G418 was added into culture medium 48 h after transfection and cells were incubated for 10-14 days without disturbance. JE6.1 cells were cultured in RPMI 1640 with 10% FBS. HEK293 cells were kept in DMEM supplemented with 10% FBS and transfected with plasmid cDNA as described (10) .
DNA constructs. Full-length human T cell type 1 IP 3 R cDNA (11) was cloned into the pcDNA3.1 (-) vector using XhoI/KpnI sites. All mutants were generated by PCR using the QuikChange site-directed mutagenesis kit (Stratagene). The human T cell Fyn was cloned by RT-PCR using total RNA from the Jurkat-TAG cell line and the following primers with EcoR1/BamH1 sites: 5'-GGGGAATTCAGGCTGTGTGCAATGTAAGG- Reaction products were analyzed by autoradiography or immunoblotting using antibodies against phosphotyrosine.
Cytosolic Ca 2+ measurement. 2 x 10 6 cells were loaded for 30 min at 37°C with 2 µM Fura-2-acetylmethoxy ester and 0.05% Pluronic F-127 in 400 µL growth medium.
Cells were washed twice and resuspended in 2 mL calcium free Hanks' balanced salt solution (HBSS) containing 1 mM EGTA, 20 mM HEPES and 0.03% BSA.
Fluorescence of the stirred cell suspension was measured ratiometrically at 25°C by emission at 510 nm and excitation at 340 nm and 380 nm, respectively, using a fluorospectrophotometer (PTI). Data were fitted to pulse equations using Origin software from which the first derivative was determined. 
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Results and Discussion
Fyn phosphorylates IP 3 R1 at Y353 in vitro. We have previously demonstrated that IP 3 R1
is phosphorylated by the tyrosine kinase Fyn during T cell activation (7). We initially studied two predicted phosphorylation sites for Src family tyrosine kinases, based on a consensus motif for these kinases -
. These sites were Y482 (in the IP 3 -binding domain) and Y2617 (in the C-terminal cytosolic domain) (11) . Mutation of either site or both sites to phenylalanine, however, had no significant effect on the tyrosine phosphorylation pattern in response to Fyn of either full-length recombinant IP 3 R1 containing these mutations or of GST-fusion protein fragments of IP 3 R1 encompassing these residues (data not shown). To find an authentic tyrosine phosphorylation site, fragments of IP 3 R1 (other than those encompassing transmembrane domain regions) were fused to GST and the purified fusion proteins were used as substrates for in vitro Fyn phosphorylation (Fig. 1A) . Fragment 305-447 showed the strongest phosphorylation signal. According to the consensus sequence given above, this fragment contains a potential site for Src kinase family phosphorylation, Y353.
Mutagenesis of tyrosine to phenylalanine showed that Y353 is the only site in this fragment phosphorylated by Fyn. The Y353F mutant eliminated the phosphorylation signal detected either by autoradiography using radiolabelled [γ-32 P]ATP, or by the anti-phosphotyrosine antibody 4G10 (Fig. 1B) . Y353 is located in the IP 3 -binding domain and is conserved throughout all three types of IP 3 R (data not shown). Based on the 2.2-Å crystal structure of the IP 3 -binding core of mouse IP 3 R1 (14), Y353 is located at the beginning of the β7 β-strand, immediately adjacent to the SI splice variant region (Fig. 6 ). The structure indicates that Y353 is highly likely to be present on the exposed surface of the IP 3 -binding core, suggesting that Y353 is capable of being phosphorylated by cytosolic tyrosine kinases.
We next expressed full length wild-type IP 3 R1 and IP 3 R1-Y353F in HEK293 cells, and immunoprecipitated IP 3 R1 using a specific C-terminal antibody. The Y353F mutant, however, was still tyrosine-phosphorylated by Fyn in vitro although the signal was reduced (Fig. 1C) . Thus, in full length IP 3 R1, other tyrosine residues besides Y353 can also be phosphorylated by Fyn in vitro. However, Fyn phosphorylation of the GSTfusion protein fragment of IP 3 R1 containing Y353 was much stronger than that of any other fragments, suggesting that Y353 may be preferentially Fyn phosphorylated in vivo (Fig. 1A) . < 10 nM. Indeed, the inset of Fig. 5C shows that the maximum rate of decay of IP 3 R1-Y353F is significantly faster than that of wild-type IP 3 R1.
In the current study, we have demonstrated that phosphorylation of IP 3 R1-Y353 increases the affinity of the channel for IP 3 . The time course of the Ca 2+ release transient is closely paralleled by the time course of IP 3 concentration changes (21) .
Based on studies from other laboratories, the basal physiological level of IP 3 in lymphocytes is about 10 to 60 nM, and reaches 100 to 300 nM during antigen stimulation (21, 22) . We propose that phosphorylation of IP 3 R1 at Y353 affects the amount of IP 3 bound to the channel only when the IP 3 level decreases below 100 nM, a condition that would occur in cells during the same period as the decay phase of the Ca 2+ transient.
During this period, the inactivation time of IP 3 R1-Y353F was faster than that of wildtype IP 3 R1. During initiation of Ca 2+ release, the rapid increase of IP 3 via antigen receptor activation of PLC is likely to cause the IP 3 concentration to rise above 100 nM.
Our data show that IP 3 binding to wild-type IP 3 R1 and IP 3 R1-Y353F mutant is not significantly different at higher IP 3 concentrations in the physiologic range (e.g. 100 nM) (Fig. 4B) . Therefore, wild-type IP 3 R1 and IP 3 R1-Y353F have similar activation profiles for initial Ca 2+ release despite their disparate tyrosine phosphorylation states.
It has been shown that tyrosine phosphorylation modulates the channel activity of both IP 3 Rs and RyRs in Jurkat (7, 23) . However, the precise phosphorylation sites and the importance of specific tyrosine residues have not been previously ascertained. In the 
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